Abstract Satellite-based layer average stratospheric temperature (T) climate data records (CDRs) now span more than three decades and so can elucidate climate variability associated with processes on multiple time scales. We intercompare and analyze available published T CDRs covering at least two decades, with a focus on Stratospheric Sounding Unit (SSU) and Microwave Sounding Unit (MSU) CDRs. Recent research has reduced but not eliminated discrepancies between SSU CDRs developed by NOAA and the UK Meteorological Office. The MSU CDRs from NOAA and Remote Sensing Systems are in closer agreement than the CDR from the University of Alabama in Huntsville. The latter has a previously unreported inhomogeneity in 2005, revealed by an abrupt increase in the magnitude and spatial variability of T anomaly differences between CDRs. Although time-varying biases remain in both SSU and MSU CDRs, multiple linear regression analyses reveal consistent solar, El Niño-Southern Oscillation (ENSO), quasi-biennial oscillation, aerosol, and piecewise-linear trend signals. Together, these predictors explain 80 to 90% of the variance in the near-global-average T CDRs. The most important predictor variables (in terms of percent explained variance in near-global-average T) for lower stratospheric T measured by MSU are aerosols, solar variability, and ENSO. Trends explain the largest percentage of variance in observations from all three SSU channels. In MSU and SSU CDRs, piecewise-linear trends, with a 1995 break point, indicate cooling during 1979-1994 but no trend during 1995-2013 for MSU and during 1995-2005 for SSU. These observational findings provide a basis for evaluating climate model simulations of stratospheric temperature during the past 35 years.
Introduction
Under the auspices of the World Climate Research Programme/Stratosphere-troposphere Processes and their Role in Climate (SPARC) Temperature Trends Activity, multiple studies have comprehensively analyzed stratospheric temperature variability and trends from both observational and modeling perspectives [Ramaswamy et al., 2001; Shine et al., 2003; Randel et al., 2009b; Seidel et al., 2011; Thompson et al., 2012] . Over time, the observational emphasis of these investigations has shifted from ground-based and in situ observing systems (rocketsondes, radiosondes, and lidar) with limited station networks toward satellite-based systems.
The most recent of these SPARC investigations [Thompson et al., 2012] focused on comparison of layer average stratospheric temperature (T) observations for 1979-2005 from the satellite-borne Stratospheric Sounding Unit (SSU) and reported strikingly different T trends from two data sets derived from those observations. Thompson et al. [2012] also noted discrepancies among three data sets derived from Microwave Sounding Unit (MSU) and Advanced MSU (AMSU) observations and between the various satellite observations and a suite of simulations by both chemistry-climate models and atmosphere-ocean global climate models.
In this contribution, we focus exclusively on satellite observations of stratospheric T, delve further into data set comparisons, and investigate various signals of T variability, including trends. Several factors motivate this focus. First, satellite observations of the stratosphere started about a half century ago, and near-continuous, multidecadal records from series of similar instruments starting in 1979 now provide records spanning 35 years and covering several time scales of stratospheric variability. Moreover, the last two decades have seen no major volcanic eruptions influencing stratospheric aerosol loading and associated T response, which may allow other climate signals to emerge more clearly than prior to 1995. Second, the long sought, and often found, stratospheric cooling in the presatellite era and in the first two decades of the satellite era appears to have decelerated or ceased [Long and Christy, 2014] . In the lower stratosphere, where T responds to changes in stratospheric ozone, this deceleration has been associated with slowly decreasing stratospheric concentrations of ozone-depleting substances and gradual ozone layer recovery [Thompson and Solomon, 2009; Ferraro et al., 2015] . But little work has specifically focused on this period or on T changes in the middle and upper stratosphere. Third, motivated both to resolve the "mystery of recent stratospheric temperature trends" identified by Thompson et al. [2012] and to provide better documentation of their data set construction methods, both SSU research teams have developed new versions of their data sets Nash and Saunders, 2015] , which warrant reexamination of the issue.
The two specific goals of this study are (1) to update the studies mentioned above by reviewing the current state of satellite-based stratospheric T climate data records (CDRs) and comparing existing CDRs based on the same raw measurements and (2) to provide new insights into the space-time structure of, and possible explanations for, stratospheric T variability. Previous studies [e.g., Naujokat, 1981; Calvo Fernandez et al., 2004; Seidel et al., 2004; Hood et al., 2010; Gillett et al., 2011; Forbes et al., 2014; Mitchell et al., 2014, and references therein] have addressed the latter problem but less comprehensively and systematically, using fewer and shorter CDRs, using globally or zonally averaged rather than gridded data, focusing on the lower stratosphere only, and examining only some of the potential explanations for variability.
Data and Methods

Stratospheric Temperature Climate Data Records
We analyze CDRs of stratospheric T from satellite platforms for the period 1979-2013 that are documented in the peer-reviewed literature and that offer continuous, near-global sampling of the stratosphere for at least two decades. We do not attempt to construct new CDRs by merging data from existing CDRs, because this is a complex undertaking, beyond the scope of this paper.
The CDRs include three lower stratospheric records based on MSU Channel 4 (MSU-4) observations merged with AMSU observations; two new sets of CDRs based on SSU Channels 1, 2, and 3 (SSU-1, SSU-2, and SSU-3) Nash and Saunders, 2015] ; and one set of CDRs for AMSU Channels 9-14 [Wang and Zou, Figure 1 . Because the AMSU record is short, most of our analysis addresses the MSU-4 and SSU CDRs.
We use the abbreviation MSU-4 to denote the merged MSU/AMSU record and the following abbreviations to distinguish the MSU-4 CDRs: NOAA (National Oceanic and Atmospheric Administration), RSS (Remote Sensing Systems), and UAH (University of Alabama in Huntsville) for CDRs produced by Zou et al. [2006] , Wentz [2009], and Christy et al. [2003] , respectively. Most of the UAH MSU-4 data used here is version 5.6, the version of record during the course of this study, documented by Christy et al. [2003] , but one analysis employs a "beta" version 6.0 of UAH MSU-4 data, released in April 2015.
For SSU CDRs, we refer to the Zou et al. [2014] CDR as NOAA and the Nash and Saunders [2015] CDRs as UKMO (UK Meteorological Office). We use only the most recent versions of all CDRs, but note that the UKMO SSU CDRs [Nash and Saunders, 2015] are global averages, at 6 month resolution, whereas the prior version [Randel et al., 2009b] had 10°latitude and 1 month resolution.
An obvious inference from Figure 1 is the lack of CDRs covering the middle and upper stratosphere for the full satellite era. McLandress et al. [2015] recently merged SSU and AMSU data using Michelson Interferometer for Passive Atmospheric Sounding measurements to link the two, restricting their analysis to monthly, near-global-average time series. Some authors of this paper are engaged in other efforts to merge SSU and AMSU data and to merge SSU data with other stratospheric T observations (W. J. Randel et al., Stratospheric temperature trends over 1979-2015 derived from combined SSU, MLS and SABER satellite 617 observations, submitted to Journal of Climate, 2015) , to fill this significant gap.
Monthly T anomaly time series were computed using gridded monthly T data. The mean annual cycle for the full period of record was removed by subtracting the long-term monthly mean 
Multiple Regression Analysis and Predictor Time Series
Global-mean and zonal-mean (at 2.5°l atitude resolution) stratospheric T variations are analyzed using multiple linear regression analysis. Predictor variables, all previously shown to be associated with stratospheric T change, include the following:
1. A solar activity index, specifically 10.7 cm radio flux at Ottawa/Penticton [Tapping and Morton, 2013] , available at http://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-radio/noontime-flux/ penticton/penticton_adjusted/tables/table_drao_noontime-flux-adjusted_monthly.txt. . Time series of spatial standard deviations of differences in monthly MSU-4 temperature anomalies between paired MSU-4 climate data records. For each month, gridded T anomalies at 2.5°latitude/longitude resolution are subtracted from gridded T anomalies based on the NOAA CDR, and the standard deviation of the gridded differences is computed using area weighting. In addition to the RSS and UAH (version 5.6) MSU-4 CDRs, this figure also compares UAH version 6.0 (beta release version). [Naujokat, 1986] , available at http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/ qbo/index.html. Following Wallace et al. [1993] , we derive two orthogonal basis functions from the wind profile data to capture the downward propagation of the QBO signal over several months [Randel et al., 1999] . 4. An index of stratospheric aerosol optical depth [Sato et al., 1993] With the exception of the time terms, each of the predictors is an imperfect representation of a complex physical phenomenon influencing stratospheric temperature. The multiple regression results are likely to be sensitive to uncertainty in these representations. Although we recognize this source of uncertainty, we have not attempted to quantify it. That would require estimates both of uncertainties in individual indices (which are not generally available) and of the spread among different indices of the same phenomena (e.g., the differences between the total solar irradiance and 10.7 cm radio flux indices of solar variability, and the spread of the many ENSO indices in the literature).
However, we do report uncertainty estimates for regression coefficients using 95% confidence intervals, based on the regression fits and taking into account time series autocorrelation by adjusting the degrees of freedom. Figure 2 illustrates the predictor time series. All are dimensionless variables, except for the solar index, with solar flux units (where 1 sfu = 10 À22 W m À2 Hz À1 ). Except for trend terms, predictor time series were normalized by their respective standard deviations. Resulting trends are expressed in K per decade, and regression coefficients are expressed in K per standard deviation.
Results
This section focuses first on quantitative and qualitative intercomparison of CDRs, with particular attention to the multidecadal SSU and MSU CDRs. For completeness, the shorter AMSU CDRs are also presented because they provide some information on recent T changes in the middle and upper stratosphere and because they are likely to be merged with the SSU records in the future. Then we use the MSU and SSU CDRs to elucidate aspects of the observed T variability. Figure 3 shows near-global-average lower stratospheric T anomaly time series from the three MSU-4 CDRs, as well as paired difference time series. All three CDRs reveal T ranges of~2 K over the 35 year record, with higher and more variable T before 1995 than after. The difference time series show NOAA and RSS CDRs to be within~0.15 K of each other, with a long-term relative drift indicating greater cooling in the NOAA CDR than in the RSS CDR. The UAH CDR indicates a larger time-varying bias with respect to both the NOAA and RSS records, with UAH showing T~0.1 K higher during 1979-1995 and~0.1 K lower thereafter. Thus, the near-global-average long-term cooling during 1979-2013 is greater in the UAH record than in the other two.
While these differences among the MSU-4 CDRs are small compared with the variability in stratospheric T that they all reveal, the differences are nontrivial compared with estimated stratospheric T trends. For example, Thompson et al. [2012] report 1979-2005 trends of~0.4 K/decade in MSU-4 CDRs, so the long-term drift of about 0.2 K over 1979-2013 between UAH and the other two CDRs is~15% of the estimated trend. The drift is also comparable to the Monte Carlo estimated 2 sigma uncertainty in MSU-4 temperature changes [Mears et al., 2011] .
But the differences between UAH and the other two data sets are not fully explained by near-global-average long-term trends; they also have spatial structure and shorter-term manifestations. Examination of the gridded The differences in high-latitude T variability seen in Figure 4 arise from both short-and long-term structures.
There is a distinct annual periodicity in the time series of differences (Figure 3) , and zonal-mean anomaly time series differences (not shown) reveal this pattern to be exaggerated in high-latitude regions of both hemispheres. Surprisingly, after 2005 UAH data show larger anomalies than the other CDRs, particularly in February and March in the Northern Hemisphere and in October, November, and December in the Southern Hemisphere.
The time series in Figure 5 reveal this inhomogeneity in version 5.6 of UAH MSU-4 data. As background, we note that versions 5.1 through 5.6 have been the versions of record since 2002 [Christy et al., 2003] , and version 6.0 was released as a "beta" version during the final stages of this research. Figure 5 compares the NOAA MSU-4 CDR with the RSS, UAH version 5.6, and UAH beta version 6.0 data. For each month, we subtracted gridded T anomalies at 2.5°latitude/longitude resolution from gridded T anomalies based on the NOAA CDR, and the standard deviation of the gridded differences was computed using area weighting. Figure 5 shows that the spatial differences between NOAA and RSS data have standard deviations of~0.2 K (red curve). The differences between NOAA and UAH version 5.6 are~0.4 K before 2005 and~1.0 K thereafter, with a distinct annual periodicity, while the differences between NOAA and UAH version 6.0 are much smaller, comparable to those between NOAA and RSS and to those between RSS and UAH version 6.0. In summary, we find that (1) there remain discrepancies among the three MSU-4 CDRs; (2) the NOAA and RSS CDRs are in better agreement with each other than with UAH version 5.6; (3) the UAH version 5 CDR has much higher spatial variability after 2005 than before; (4) a UAH "beta" version 6 does not exhibit this artifact; and (5) the artifact influences the magnitude and spatial pattern of multidecadal trends.
Intercomparison of Stratospheric Sounding Unit Climate Data Records
Near-global-average T anomaly time series for the three SSU channels, for the NOAA and UKMO CDRs (Figure 7 , left column), show grossly similar T changes as in the MSU-4 records. Temperatures are higher before 1995 than after. Differences between the UKMO and NOAA CDRs (Figure 7 , right column) are as large as ±0.5 K in all three SSU channels. All three channels, but especially SSU-2 and SSU-3, exhibit long-term drifts between the two CDRs, with NOAA showing more cooling than UKMO for SSU-1 and SSU-2, and UKMO showing more cooling than NOAA for SSU-3. Because the UKMO CDR is a global-mean record, we cannot determine if a regional pattern exists in the differences between the UKMO and NOAA records. Although these differences are smaller than those found in the earlier versions of the CDRs examined by Thompson et al. [2012] , and although structural uncertainty can be expected due to different approaches to CDR construction [Thorne et al., 2005] , the magnitude of the differences between the new versions remains larger than the uncertainty estimates given by both research teams, despite concerted efforts to understand and reconcile them. The differences between the two sets of SSU CDRs are larger than the differences among the three MSU-4 CDRs discussed above, as was the case for the earlier versions [Thompson et al., 2012] .
To evaluate the vertical consistency of SSU CDRs, Figure 7 (bottom panels) show the differences between the average of SSU-1 and SSU-3 anomalies and SSU-2 anomalies, from both UKMO and NOAA records (left) and their difference (right). Seidel et al. [2011, Figure 7] suggested that this difference should be close to 0, as was the case in model simulations. An earlier version of UKMO SSU data [Randel et al., 2009b] showed very large Journal of Geophysical Research: Atmospheres 10.1002/2015JD024039 differences that were deemed unrealistic [Seidel et al., 2011, Figure 7 ], while the current CDRs from NOAA exhibit much smaller differences [Zou et al., 2014, Figure 18] . Direct comparison in Figure 7 (bottom panels) shows differences within ±0.2 K in the NOAA CDRs but as large as 0.8 K in the UKMO CDRs. The UKMO differences are smaller than those shown in Seidel et al. [2011] . Thus, both current NOAA and UKMO SSU CDRs exhibit greater vertical consistency than earlier versions, and the CDRs from NOAA are more consistent with models in terms of vertical structure than those from UKMO.
The two SSU CDRs were created using different data adjustment and merging methods, the validity of which influences both the reliability of the CDRs and their differences. Assimilation of the SSU radiances along with other satellite observations (e.g., from the High Resolution Infrared Sounder, MSU, and GPS radio occultation bending angles) in future reanalyses will provide new insights, as the intersatellite and diurnal biases are adjusted by the reanalysis data assimilation systems. 3.1.3. Advanced Microwave Sounding Unit Climate Data Records Data from the six AMSU channels (Figure 8) show near-global-average T anomalies over 1999-2011. The stratospheric layer sampled by channels 11-14 (covering the region previously sampled by the three SSU channels, Figure 1 ) have experienced cooling over the 13 year period, particularly during [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The lower stratospheric levels show less variability and little net change, consistent with MSU-4 results discussed above. Although the record is short, these net changes are qualitatively consistent with the expectation of middle and upper stratospheric cooling due to greenhouse gas increases and little T change in the lower stratosphere due to the lack of stratospheric ozone trend. We do not explore the AMSU records further here. Additional analysis will be warranted once they have been extended to the present. Both extended AMSU CDRs and CDRs merging SSU and AMSU observations are under development.
Multiple Regression Results
This section presents a multiple regression analysis of T anomalies using the predictor variables presented in section 2.2. We first provide motivation for treatment of T trends as a piecewise-linear function, and then we show regression results for MSU-4 and SSU CDRs. 
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3.2.1. Piecewise-Linear Trends Greenhouse gas increases and stratospheric ozone decreases lead to stratospheric cooling, in contrast with expected surface warming. Confident detection and estimation of stratospheric T trends has long been a research goal, which the SPARC Temperature Trends Activity has sustained for more than 20 years. Methods for estimating trends have generally involved use of deseasonalized monthly T anomaly time series, and often [e.g., Thompson et al., 2012; Long and Christy, 2014 ] the slope of a linear fit serves as a simple measure of trend (as in the discussion of MSU-4 CDRs in section 3.1.1 above). More complex multiple regression treatments involve accounting for other types of variations in the time series [e.g., Randel et al., 2009b, and submitted, 2015] but still maintaining a single linear slope term as a trend estimate.
However, previous studies [Pawson et al., 1998; Seidel and Lanzante, 2004; Ramaswamy et al., 2006] have argued in favor of piecewise-linear functions to characterize stratospheric T changes. Insofar as trends are driven by greenhouse gas and ozone changes, the turnaround in stratospheric ozone depletion is a strong argument in favor of a piecewise-linear approach. Using this argument, Ferraro et al. [2015] describe a cessation of stratospheric cooling in the early 21st century.
As described in section 2.2, our multiple regression methodology involves two trend segments. Using the RSS MSU-4 CDR as an example, Figure 9 illustrates the motivation for this approach. Along with trends, solar and stratospheric aerosol variations could account for T variations on decadal time scales, whereas QBO and ENSO vary on interannual time scales. Figure 9 shows the T anomaly time series (first panel from the top), solar and aerosol regression fits (which together explain about half the total T anomaly variance), and the time series of residuals (fourth panel). The residuals have an obvious downward slope during 1979-1994 and a much smaller Tests of the sensitivity of regression coefficients to the date of the breakpoint revealed robust results; any breakpoint between July 1993 and July 1996 yields coefficients that fall well within the 95% confidence intervals of the coefficients obtained using January 1995 as a breakpoint. This is true for all predictors and for all nearglobal-average SSU and MSU CDRs. The following subsections report regression results using all of the predictors listed in section 2.2 and a trend breakpoint in January 1995. Figure 10 (top) shows the percent variance explained by the regression predictors, and by the residuals, in near-global-average T anomalies, for all three MSU-4 CDRs. Because the QBO predictors each explain <1% of the variance in near-global averages, they are not shown in the plot. The six predictors together explain at least 83% of the variance during 1979-2013, and the regression coefficients (not shown) from the three CDRs agree within their 95% confidence intervals. Figure 11 shows regression coefficients as a function of latitude for selected predictors from the RSS CDR (results from the UAH and NOAA CDR are very similar), and Figure 12 shows trend estimates for all three CDRs. We proceed to discuss each term of the MSU-4 regressions based on near-global-average and zonalaverage data.
Microwave Sounding Unit
Variability in stratospheric aerosol loading explains the largest fraction of MSU-4 T variability, 30 to 34% for nearglobal-average T anomalies, with T increases associated with increases in aerosol loading. The latitudinal structure of regression coefficients (Figure 11 ) suggests significant warming during periods of large aerosol loading at all latitudes between 60°S and 45°N, with the largest response in the tropics, where both El Chichón and Mount Pinatubo are located, consistent with earlier observational analyses [e.g., Parker and Brownscombe, 1983; Angell, 1993; Robock, 2000; Free and Lanzante, 2009] . Previous studies [Driscoll et al., 2012; Thompson et al., 2012; Charlton-Perez et al., 2013] have suggested that many models simulate excessive warming following volcanic eruptions based on visual examination of simulated and observed T time series. A more quantitative evaluation could be made by comparing the magnitude of the T response to aerosols in these CDRs with that in global climate models and in chemistry-climate models.
Solar variability explains about 24% of the near-global-average T variability, and T increases are associated with increases in the 10.7 cm radio flux index. The response is significant between 45°S and 45°N and strongest at~25°N and S latitudes. This result is qualitatively consistent with that of Randel et al. [2009b, Figure 27] , although their regression analysis did not include ENSO or aerosol terms, the period of record was 4 years shorter, and the coefficients were expressed in different units. The~0.15 K per standard deviation signal shown in Figure 11 corresponds to~0.6 K change between solar maximum and minimum, which is about 50% larger than reported by Randel et al. [2009b] . Because aerosol variability has a time scale similar to that of the solar cycle during the period 1979-1995, and because the current solar cycle has been weaker than the In the lower stratospheric region sampled by MSU-4, ENSO explains a larger fraction of global-mean T variability (13%) than does the QBO (<1%). Although regression coefficients for ENSO are not significantly different from 0 for near-global-average time series, the zonal results (Figure 11) indicate statistically significant signals, of opposite sign, in the tropics (15°N-15°S) and midlatitudes. The stratospheric T response to ENSO is cooling in the tropics and warming at higher latitudes during the El Niño phase. The tropical cooling has been attributed to enhanced tropical upwelling [Calvo et al., 2010] , and the high-latitude warming is consistent with the ENSO influence on the incidence of sudden stratospheric warmings [e.g., van Loon and Labitzke, 1987; Taguchi and Hartmann, 2006; Garfinkel and Hartmann, 2007] . Thus, while the global troposphere is known to warm in association with tropical tropospheric warming during El Niños [e.g., Seidel et al., 2004] , the latitude-dependent stratospheric T response, described by Randel et al. [2009a] and Free and Seidel [2009] , does not strongly affect global-average stratospheric T. Similarly, although the two QBO predictors explain very little (<1%) global-average T variance, they are significant within narrow zonal bands, including both tropical and midlatitude regions, and are consistent among the three CDRs.
Because the MSU-4 weighting function extends below the tropical tropopause (typically found at~16.5 km [Seidel et al., 2001; Fu et al., 2004] , Figure 1) , it is possible that the tropical regression coefficients underestimate the stratospheric response to ENSO, which is of opposite sign to the tropospheric response. Similarly, the deep vertical layer sampled by MSU-4 may mute the QBO signals, because the QBO does not extend into the upper troposphere. 
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Trends are negative for both of the piecewise-linear segments in all three near-global-average MSU-4 CDRs, suggesting lower stratospheric cooling that is not explained by the other predictors, in particular aerosols. Near-global-average trends for the first segment (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) are~0.4 K/decade and are highly significant, whereas trends for the second period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) are~0.05 K/decade and are not significantly different from 0.
The latitude dependence of the trends (Figure 12 ) indicates cooling at all latitudes during 1979 -1994 , with smallest magnitudes (and not statistically significant in the UAH and RSS CDRs) in the deep tropics. In contrast, trends for 1995-2013 are statistically significant only in the tropics (Figure 12 , bottom) and account for only~3% of the total variance (Figure 10 ). Midlatitude cooling is smaller in magnitude, and the polar regions show warming trends that are not statistically significant.
The separation of the aerosol-related temperature changes from a simpler linear trend is noteworthy because previous studies [Pawson et al., 1998; Seidel and Lanzante, 2004] have speculated that the long-term cooling of the lower stratosphere seen in MSU-4 CDRs and in radiosonde data might be step-like in nature and associated with a "ratcheting down" of T after major volcanic eruptions. Instead, our regression analysis-and in particular the residual time series in Figure 9 -suggests a more linear interpretation of the cooling. Both increases in atmospheric greenhouse gases and depletion of stratospheric ozone have long been identified as causes of potential [Manabe and Wetherald, 1967; Ramanathan et al., 1976] and observed [Shine et al., 2003; Ramaswamy et al., 2006; Gillett et al., 2011] long-term stratospheric cooling. If the changes in these atmospheric constituents dominate the trend estimates, then the differences between the strong cooling before 1995 and the insignificant trend thereafter suggests that ozone decreases dominate the anthropogenic signal in lower stratospheric temperatures, since total greenhouse gas concentrations have increased steadily over 1979-2013 whereas ozone depletion has slowed or reversed [IPCC, 2013; WMO, 2014] . Kyrölä et al. [2013] , Bourassa et al. [2014] and Tummon et al. [2015] all show observational evidence for upper stratospheric ozone decreases before, and increases after, the late 1990s. 
Journal of Geophysical Research: Atmospheres
10.1002/2015JD024039
On the other hand, the latitudinal structure of 1979 -1994 , with greater cooling near 30°N and S latitudes than in the tropics or midlatitudes, is consistent with the MSU-4 trends reported by Fu et al. [2006] and by Fu and Lin [2011 ], for 1979 -2005 and 1979 . Those studies link the pattern of stratospheric cooling trends to poleward shifts in the jet streams. Fu et al. [2015] link the latitude dependence of observed 1980-2009 MSU-4 trends to changes in the Brewer-Dobson circulation, as predicted by climate models. Our 1995 show no significant cooling at 30°N and S latitudes, suggesting that if circulation changes were a factor during 1979-1994, there may have been a reversal or weakening of those changes in later years.
Stratospheric Sounding Unit
We performed analogous regression analysis for both NOAA and UKMO near-global-average CDRs for the three SSU channels, which we summarize briefly before discussing the latitude-dependent results from the NOAA data. For all six near-global-average CDRs, the predictors explain about 90% of the T variance (Figure 10, bottom) . The solar, ENSO, QBO, and aerosol regression coefficients (not shown) for the NOAA and UKMO CDRs agree within their respective confidence intervals for each SSU channel. This is not the case for trend estimates; except for SSU-1 trends for 1979-1994, the estimates derived from NOAA and UKMO CDRs do not have overlapping 95% confidence intervals. This lack of agreement remains despite the large magnitudes of the 1979-1994 trends (À0.5 to À1.4 K/decade), which explain the greatest fraction of variance (28 to 40%, Figure 10 , bottom).
Figures 13-15 show regression coefficients as a function of latitude, the three SSU channels using NOAA CDRs spanning 1979-2005, and  Figure 16 shows the zonal structure of the trend. Consistent with the near-global-average results, statistically significant cooling during 1979-1994 of~À0.6 to À1.4 K/decade is evident at all latitudes outside the polar zone for all three channels. In contrast, trend estimates for 1995-2005 (not shown) are not statistically significant at any latitude. The second most important predictor, explaining 17 to 25% of the variance in the near-global-average data (Figure 10) , is solar variability. The zonal structures of the solar signals, based on the NOAA CDRs (Figures 13-15) , are in good agreement with the structure described by Randel et al. [2009b] , based on an earlier version of UKMO data (which was only available in zonal bands). In both analyses, the strongest solar signals are in the tropics, their strength increases with increasing altitude, and they are not statistically significant in the extratropics for SSU-1 or SSU-2. The magnitudes of the signals are also in good accord, which is somewhat surprising in light of the differences in the approaches to the regression analyses and the CDR differences.
Variations in stratospheric aerosol loading, the most important predictor for MSU-4 T changes, is the third-ranking predictor for all three SSU channels, explaining decreasing percentages of variance with increasing altitude in the stratosphere (Figure 10 ). The aerosol signal is statistically significant at all nonpolar latitudes for SSU-1, but for SSU-2 and SSU-3 the signal is not significant in the tropics and is strongest at high latitudes (Figures 13-15 ). The decrease of the aerosol signal from the lower to the upper stratosphere is consistent with results based on reanalysis data [e.g., Simmons et al., 2014] .
ENSO variability explains 5-10% of the variability in SSU CDRs (Figure 10) , and the zonal coefficients show tropical and extratropical responses, of opposite sign, in SSU-1 (Figure 13) , with the extratropical signals also evident in SSU-2 and SSU-3 (Figures 14 and 15) . The pattern of tropical-extratropical connections seen in both the aerosol and ENSO coefficients is likely due to stratospheric dynamical responses to changes initiated in the tropical lower stratosphere. In the aerosol case, the T response could be either purely dynamical or could involve a radiative response to aerosols transported from their tropical source region to higher latitudes.
The two QBO terms together explain < 1% of the variance in any of the near-global-average SSU CDRs. Nevertheless, the zonal coefficients reveal both the downward propagating equatorial QBO signal and responses at higher latitudes. The two orthogonal QBO predictor time series (Figure 2 ) have~8 month lag (with QBO-1 leading QBO-2) to capture the downward propagation of equatorial stratospheric zonal wind reversals. Regression coefficients for QBO-1 are significant and negative near the equator for SSU-3 (Figure 15 ), which samples the upper stratosphere, positive for SSU-1 in the lower stratosphere (Figure 13 ), and not significant for MSU-4 (not shown), whose weighting function includes the tropical lower stratosphere and upper troposphere. The QBO-2 coefficients in the tropics show a reversed pattern, with SSU-3 (Figure 15 ) showing no significant response but SSU-2, SSU-1, and MSU-4 showing tropical responses of opposite sign to their QBO-1 responses. Oppositely signed midlatitude coefficients suggest stratospheric QBO-related circulation cells outside the tropics [Holton and Tan, 1980; Baldwin et al., 2001] . These patterns may be useful in evaluating climate model simulations of the QBO, which has recently been successfully reproduced in some models [Charlton-Perez et al., 2013] .
Conclusions
This study sought to build upon earlier analyses of observed stratospheric T change by examining new and extended versions of satellite CDRs and by using multiple regression analysis to identify major patterns of T Despite recent efforts to improve and extend various CDRs, there remain observational gaps that could be filled to further advance understanding of stratospheric T changes during the satellite era. Currently, CDRs for SSU and AMSU end in 2005 and 2011, respectively. Key needs for stratospheric T CDRs are extension of AMSU CDRs for the six AMSU stratospheric channels to cover 1999 to the present and a merging of gridded SSU and AMSU records for the three SSU channels to cover 1979 to the present.
Such CDRs are uniquely valuable as T records derived from observations. They are derived from and complement fundamental climate data records (FCDRs, i.e., reprocessed satellite observed radiances), which are closer to the observed brightness temperatures but farther from atmospheric T. Reanalyses assimilate the FCDR radiances from atmospheric sounders and other data to estimate T fields that can be used in studies of long-term variability and trend [Simmons et al., 2014] . Continued preservation and homogenization of the FCDRs from all sensors for inclusion in atmospheric reanalysis should improve the quality of reanalysis T fields.
Our main findings, which relate to T anomalies from which the mean annual cycle have been removed, are as follows:
1. Differences remain among the MSU-4 CDRs from three research teams. The RSS and NOAA CDRs are highly correlated everywhere, but their near-global-average T anomaly time series have a time-varying bias of~0.1 K over the period 1979-2013, during which time monthly T anomalies had~2 K range and indicate long-term cooling. The UAH CDR shows larger differences from the other two, with lower correlations in regions outside the tropical belt, and a time-varying bias of~0.2 K indicating more pronounced cooling. These differences are related to a previously unreported inhomogeneity in version 5 of the UAH CDR, which exhibits a large increase in the spatial variability of T anomalies in 2005. A newly released test version 6 of UAH data does not exhibit this feature. 2. The two most recent versions of SSU CDRs offer limited opportunity for comparison, because the UKMO CDR is available only as global-average data at 6 month resolution. Since the study by Thompson et al. [2012] , both NOAA and UKMO SSU CDRs have been reprocessed and documented Nash and Saunders, 2015] , and differences between them have been reduced but not eliminated. For all three SSU channels, the two CDRs differ by up to ±0.5 K. Cooling over 1979-2005 is seen in all CDRs, with the NOAA record showing more cooling than UKMO for SSU-1 and SSU-3 and less cooling than UKMO for SSU-2. 3. Multiple regression analysis reveals solar, ENSO, QBO, aerosol, and piecewise-linear trend signals in the CDRs, and these predictors combine to explain~80 to 90% of the variance in global anomaly time series. The most important predictor variables (in terms of the percent variance in near-global-average T explained) are aerosols, solar variability, and ENSO for MSU-4 and linear trends for all three SSU channels. 4. Estimates of T trends, separated from T changes associated with other predictors in the regression analyses, are well described by piecewise-linear changes with a breakpoint at January 1995. Highly significant cooling during 1979-1994 is followed by periods (ending in 2005 for SSU and in 2013 for MSU-4) in which trends, on global average, are not significantly different from 0. More recent AMSU CDRs suggest a continuing lack of trend in the lower stratosphere but cooling at higher altitudes during 1999-2011. 5. Regression coefficients and trends have distinct latitude dependence. In some cases (such as ENSO and QBO), predictors that explain very little variance in global-average T are highly significant in particular latitude bands.
These results, and the CDRs on which they are based, may be useful in evaluating global climate model and chemistry-climate model simulations of past stratospheric T variations. Such models should be able to reproduce both the near-global-average variations and the latitudinal patterns of change associated with different explanatory variables. Some previous model intercomparison studies have lacked observational results against which to compare model simulations [e.g., Austin et al., 2008] , used versions of CDRs that have now been revised [e.g., Shine et al., 2003; Gillett et al., 2011] , or relied on reanalyses that assimilated unadjusted stratospheric T observations [e.g., Butchart et al., 2011] . The findings of these studies could be reevaluated using CDR-based observational results.
Future work could also address the lack of global-mean lower stratospheric T trends since 1995 using longer and different observational data records and using mechanistic models to investigate the roles of different processes.
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